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Abstract
We find that, at the one-loop level, the spontaneous CP violation is possible in
a supersymmetric standard model that has an extra chiral Higgs triplet with hy-
percharge Y = 0. At the tree level, this triplet-extended supersymmetric standard
model (TESSM) cannot have any reasonable parameter spaces for the spontaneous
CP violation, because the experimental constraints on the coupling coefficient of
the neutral Higgs boson to a pair of Z bosons exclude them. By contrast, at the
one-loop level, we find that there are experimentally allowed parameter regions,
where the spontaneous CP violation may take place. The mass of the lightest neu-
tral Higgs boson in the TESSM in this case may be as large as about 100 GeV, by
considering the one-loop contribution due to the top quark and squark loops.
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1. Introduction
It is well known that there are some essential issues for which the Standard Model (SM)
is insufficient to afford satisfying answers. One of them is the naturalness problem, which
states that the mass of the Higgs boson in the SM requires a fine tuning in order to remain
in the range of the electroweak scale, because it receives the quadratic divergence from
radiative corrections due to the SM particle loops. The supersymmetry can solve the
naturalness problem as it stabilizes the Higgs boson mass by virtue of the superpartners.
Not only the naturalness problem, but also the gauge coupling unification, the gauge
hierarchy problem, as well as the possibility of incorporating the gravity by the local
supersymmetry, can be addressed if the nature is supersymmetric.
Since the advent of the supersymmetry several decades ago, the formalism and the
characteristic properties have well been established and accepted into the theoretical
mainstream of high energy physics. Nowadays, the supersymmetry is widely regarded as
the one of the key ingredients that the new physics beyond the SM should possess. The
phenomenology of supersymmetric models has extensively been studied in recent years,
in anticipation that the Large Hadron Collider would certainly provide the first clues for
the existence of the supersymmetry. For the comprehensive reviews on the pioneering
studies on the supersymmetry, we refer to Ref. [1].
The simplest version of the supersymmetrically extended SM is called the minimal
supersymmetic standard model (MSSM), which has just two Higgs doublets in order to
give masses independently to the up-type and down-type fermions. In the MSSM, the
mass of its lightest scalar Higgs boson is predicted to be smaller than the Z boson mass
at the tree level, since the quartic coupling is given only by the weak gauge couplings.
This small tree-level mass is rejected phenomenologically by the negative experimental
results. At the one-loop level, while the lightest scalar Higgs boson in the MSSM may
receive large radiative corrections due to the top and stop quark loops to become heavy
enough to satisfy the experimental lower bound, the same radiative corrections increase
too much the quadratic term of the Higgs potential. Hence, the little hierarchy problem
in the MSSM. In addition, the MSSM has the well-noticed µ-parameter problem [2].
In order to alleviate the shortcomings of the MSSM and/or to explore further the-
oretical frontiers, various nonminimal versions of the supersymmetrically extended SM
have been introduced in the literature. The most well-known among them is the next-
to-minimal supersymmetric standard model (NMSSM), which possesses an extra Higgs
singlet besides the two Higgs doublets of the MSSM. The NMSSM provides a plausible
solution for the µ-parameter problem and reduce the burden of fine tuning for the little
hierarchy problem of the MSSM. Moreover, in the NMSSM, the lightest scalar Higgs bo-
son may be heavier than the Z boson even at the tree level because there is an additional
quartic coupling [3].
As another nonminimal version of the supersymmetrically extended SM, we have the
triplet extended supersymmetric model (TESSM). It has an additional complex Higgs
triplet besides the two Higgs doublets of the MSSM, and has been proposed some years
ago in order to bring about an explicit breaking of the custodial SU(2) symmetry and
push up the mass of the lightest scalar Higgs boson in the MSSM [4]. The Higgs triplets
2
may be found not only in the TESSM but also in other models, for example, in a model
for massive neutrinos, embedded in a unified gauge group [5].
Recently, the interest in the TESSM has been revived. In the literature, many studies
on the Higgs sector of the TESSM can be found, including the calculation of the upper
bound on the mass of the lightest neutral Higgs boson, the examination of the proba-
bility of producing them in e+e− collisions at the ILC, the phenomenology of charged
Higgs bosons as well as neutral Higgs bosons, and calculation of one-loop level radiative
corrections in the Higgs sector [6,7,8,9]. These studies show that the Higgs sector of the
TESSM may provide new possibilities, as an alternative to the NMSSM.
Concerning the CP violation, the SM is found to be inadequate to produce the right
amount of CP violation for baryogenesis [10]. In the MSSM, investigations have revealed
that neither spontaneous nor explicit CP violation may be realized at the tree level, and
that the explicit CP violation but not the spontaneous one is possible in the radiatively
corrected Higgs sector of the MSSM [11]. In the NMSSM, there is some difficulty to
produce the spontaneous CP violation at the tree level [12], but the tree-level explicit
CP violation is allowed [13]. We have studied elsewhere the possibility of the explicit CP
violation in the NMSSM at the one-loop level [14].
In this article, we would like to study the TESSM with respect to the CP violation. In
particular, we are interested in the possibility of spontaneous CP violation in the TESSM.
In order to bring about the spontaneous CP violation, we assume that the Higgs potential
of the TESSM may develop complex vacuum expectation values when the electroweak
symmetry is broken. We study the effects of these complex phases on the masses of the
neutral Higgs bosons in the TESSM and on the coupling coefficients of the neutral Higgs
bosons to a pair of Z bosons, at the tree level as well as at the one-loop level. As the
recent report on the LEP experiments set a model-independent constraints on the Higgs-
Z-Z coupling coefficients, one can examine whether or not the scenario of spontaneous
CP violation in the TESSM may be allowed by LEP experiments [15].
In this article, we report the result of our study that, for a reasonable parameter space,
when radiative corrections due to top and stop quark loops are taken into account, the
spontaneous CP violation is quite possible in the TESSM at the one-loop level. However,
we find that the LEP experiments rule out the possibility of tree-level spontaneous CP
violation in the TESSM.
2. Higgs sector
The most general renormalizable, gauge-invariant superpotential for the interactions among
the Higgs superfields in the TESSM is given as [4]
W = λH1ǫΣH2 + µDH1ǫH2 + µTTr(Σ2) (1)
where H1 and H2 are doublet Higgs superfields, Σ is chiral complex triplet Higgs super-
field, ǫ is an antisymmetric 2 × 2 matrix with ǫ12 = 1, and three parameters λ, µD, and
µT . While λ is dimensionless, both µD and µT are of mass dimension. Thus, the so-called
µ-parameter problem in the MSSM is not solved in the TESSM. In the TESSM, these µ
parameters trigger the right size of the electroweak symmetry breaking.
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The Higgs sector of the TESSM consists of two Higgs doublets H1, H2 and a Higgs
triplet Σ (denoted by the same notation as the corresponding superfield, but distinguishing
between them would be straightforward), which may be expressed as
H1 =
(
H01
H−1
)
, H2 =
(
H+2
H02
)
, Σ =


1√
2
ξ0 −ξ+2
ξ−1 −
1√
2
ξ0

 , (2)
where ξ0 is the neutral Higgs field and ξ−1 , ξ
+
2 are the charged Higgs fields of the complex
Higgs triplet. Note that ξ−1 6= −(ξ+2 )∗ unlike the case of a real Higgs triplet in a non-
supersymmetric version [4]. By contrast, H−1 = (H
+
2 )
∗. The hypercharges for H1, H2 are
respectively Y = −1/2 and Y = 1/2, and the hypercharge for Σ is Y = 0. The physical
Higgs boson family in the TESSM after electroweak symmetry breaking consists of three
charged Higgs bosons and five neutral Higgs bosons.
The Higgs potential in the TESSM may be constructed by collecting relevant terms
from the superpotential. The resulting Higgs potential, V0, at the tree level, may be
written as
V0 = VF + VD + VS , (3)
where
VF =
∣∣∣∣µDH02 + λ
(
H+2 ξ
−
1 −
1√
2
H02ξ
0
)∣∣∣∣2 +
∣∣∣∣µDH01 + λ
(
H−1 ξ
+
2 −
1√
2
H01ξ
0
)∣∣∣∣2
+
∣∣∣∣µDH+2 + λ
(
1√
2
H+2 ξ
0 −H02ξ+2
)∣∣∣∣2 +
∣∣∣∣µDH−1 + λ
(
1√
2
H−1 ξ
0 −H01ξ−1
)∣∣∣∣2
+
∣∣∣∣2µT ξ0 − λ√
2
(
H01H
0
2 +H
−
1 H
+
2
)∣∣∣∣2 +
∣∣∣∣λH01H+2 − 2µT ξ+2
∣∣∣∣2
+
∣∣∣∣λH−1 H02 − 2µT ξ−1
∣∣∣∣2 ,
VD =
g22
8
[
|H01 |2 − |H−1 |2 + |H+2 |2 − |H02 |2 + 2|ξ+2 |2 − 2|ξ−1 |2
]2
+
g21
8
[
|H01 |2 + |H−1 |2 − |H+2 |2 − |H02 |2
]2
+
g22
8
[
H0∗1 H
−
1 +H
+∗
2 H
0
2 +
√
2(ξ+2 + ξ
−
1 )ξ
0∗ +H.c.
]2
− g
2
2
8
[
H−∗1 H
0
1 +H
0∗
2 H
+
2 +
√
2(ξ+2 − ξ−1 )ξ0∗ − H.c.
]2
,
VS = m
2
1|H1|2 +m22|H2|2 +m23Tr(Σ†Σ)
+ [AλλH1ǫΣH2 +BDµDH1ǫH2 +BTµTTr(Σ
2) + H.c.] . (4)
with g1 and g2 being, respectively, the U(1) and SU(2) gauge coupling coefficients, Aλ
the trilinear parameter, BD and BT the bilinear parameters, and mi (i = 1, 2, 3) the soft
SUSY breaking masses. These soft SUSY breaking masses may later be eliminated by
means of the three minimization conditions with respect to the three neutral Higgs fields
of the Higgs doublets and the Higgs triplet.
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The neutral Higgs potential, VN , responsible for the electroweak symmetry breaking,
may be obtained from V0. Explicitly, it is written as
VN =
∣∣∣∣µDH02 − λ√
2
H02ξ
0
∣∣∣∣2 +
∣∣∣∣µDH01 − λ√
2
H01ξ
0
∣∣∣∣2
+
∣∣∣∣2µT ξ0 − λ√
2
H01H
0
2
∣∣∣∣2 + g
2
1 + g
2
2
8
[
|H01 |2 − |H02 |2
]2
+
[
− λ√
2
AλH
0
1H
0
2ξ
0 +BDµDH
0
1H
0
2 +BTµT ξ
0ξ0 +H.c.
]
+m21|H01 |2 +m22|H02 |2 +m23|ξ0|2 . (5)
We assume that all the free parameters in VN are real such that the CP symmetry would
not be broken explicitly. However, we assume that the CP symmetry may spontaneously
broken by means of the complex vacuum expectation values of the neutral Higgs fields.
Thus, without loss of generality, we may take the vacuum expectation values of the neutral
Higgs fields as v1 = 〈H01 〉, v2eφ1 = 〈H02 〉, and xeφ2 = 〈ξ0〉 (v1, v2, and x are of course real).
Note that between 〈H01〉 and 〈H02 〉 we can make one of them real because the physically
meaningful phase is not their individual phases but the relative phase between them.
The size of the vacuum expectation value of ξ0 in the TESSM is known to receive a
strong experimental constraint from the ρ-parameter, which is expressed in the TESSM
as
ρ ≡ m
2
W
m2Z cos
2 θW
= 1 + 4
x2
v2
, (6)
where v2 = v21 + v
2
2 and m
2
W = g
2
2(v
2+4x2)/2 and m2Z = g
2
2v
2/(2 cos2 θW ) are respectively
the squared masses of charged and neutral weak gauge bosons. Experimental results for
the ρ parameter impose an upper bound on x/v ≤ 0.012, which in turn constrains x < 3
GeV [9].
In order to study the one-loop contributions, we employ the effective potential method
[16], which gives the one-loop effective potential as
V1 =
∑
k
nkM4k
64π2
[
log
M2k
Λ2
− 3
2
]
, (7)
where Λ is the renormalization scale in the modified minimal subtraction scheme, and
nk are the degrees of freedom from color, charge, and spin factors of the particles that
enter into the loops. We only take into account the top and stop quark loops since
their contributions are most dominant for most of the parameter space, though for very
large values of tan β such as 50 the bottom and sbottom quark loops may also give
phenomenologically significant contributions in low energy supersymmetric models. Thus,
we have nt = −12 for top quarks and nt˜i = 6 (i = 1, 2) for the stop quarks.
The top quark mass is given by H2 as mt = htv2, where ht is the Yukawa coupling
coefficient for the top quark, and the masses of the stop quarks are obtained as
m2t˜1,t˜2 =
m2Q +m
2
U
2
+ h2tv
2
2 +
g21 + g
2
2
8
(v21 − v22)∓
√
Xt , (8)
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where mQ and mU are the soft SUSY breaking masses for the stop quarks, At is the
trilinear soft SUSY breaking parameters for the stop quarks, and Xt represents the stop
quark mixing.
It is from Xt that the possibility of the spontaneous CP violation arises. In terms of
Higgs fields, Xt is explicitly given as
Xt =
[m2Q −m2U
2
+
(
g22
4
− 5g
2
1
12
)(
|H01 |2 − |H02 |2
)]2
+ h2t
∣∣∣∣AtH0∗2 + λH01ξ0/√2− µDH01
∣∣∣∣2 , (9)
which may possess complex phases when H02 and ξ
0 develop complex vacuum expectation
values.
Now, we would like to study two scenarios: In one scenario, where all the vacuum ex-
pectation values are real and thus no complex phases contaminate the stop quark masses,
CP is conserved. The other scenario is our main subject, the CP-violating scenario,
where complex phases in the vacuum expectation values eventually trigger the scalar-
pseudoscalar Higgs mixings and thus the spontaneous CP violation.
1. CP-conserving scenario
Let us consider the CP-conserving scenario first, where we assume that φ1 = φ2 = 0 in
the vacuum expectation values of H02 and ξ
0. In this scenario, Xt in the masses of the
stop quarks are given as
Xt =
[
m2Q −m2U
2
+
(
2m2W
3
− 5m
2
Z
12
)
cos 2β
]2
+m2t
[
(µD cot β −At)2
+ λx cotβ(
√
2At −
√
2µD cot β +
1
2
λx cot β)
]
. (10)
The five neutral Higgs bosons in this scenario have definite CP parities and may be
divided into CP-even and CP-odd states. Two pseudoscalar Higgs bosons, P1 and P2, are
constructed from three imaginary components of neutral Higgs fields ImH01 , ImH
0
2 , and
Imξ0, among which a linear combination of ImH01 and ImH
0
2 is gauged away. On the basis
of (sin βImH01 + cos βImH
0
2 , Imξ
0), where tan β = v2/v1, MP is given as
MP =
(
MP11 MP12
MP12 MP22
)
, (11)
where, at the one-loop level,
MP11 = −2BDµD
sin 2β
+
√
2λAλx
sin 2β
+
2
√
2λxµT
sin 2β
− 3m
2
tAt(2µD −
√
2λx)
32π2v2 sin3 β cos β
f(m2t˜1 , m
2
t˜2
) ,
MP22 = − 4BTµT + λv
2µD√
2x
+
λAλv
2 sin 2β
2
√
2x
+
λv2µT sin 2β√
2x
− 3
√
2m2tλ(µD cotβ − At)
32π2x tanβ
f(m2t˜1 , m
2
t˜2
) ,
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MP12 =
λAλv√
2
−
√
2λvµT +
3
√
2m2tλAt
32π2v sin2 β
f(m2t˜1 , m
2
t˜2
) , (12)
with
f(m2x, m
2
y) =
1
(m2y −m2x)
[
m2x log
m2x
Λ2
−m2y log
m2y
Λ2
]
+ 1 , (13)
representing the radiative corrections.
The squared masses of these pseudoscalar Higgs bosons, m2P1 and m
2
P2
, are obtained
from the symmetric 2× 2 mass matrix MP for the pseudoscalar Higgs bosons as
m2P1,P2 =
1
2
[
Tr(MP )∓
√
(TrMP )2 − 4det(MP )
]
. (14)
These pseudoscalar Higgs bosons are sorted such that mP1 < mP2.
The three scalar Higgs bosons, Si (i = 1, 2, 3), are constructed from three real com-
ponents of neutral Higgs fields ReH01 , ReH
0
2 , and Reξ
0. Their squared massed, mSi
(i = 1, 2, 3), are given as the eigenvalues of the symmetric 3× 3 mass matrix MS for the
scalar Higgs bosons. These scalar Higgs bosons are sorted such that mS1 < mS2 < mS3 .
Expressing MS on the basis of (ReH
0
1 , ReH
0
2 , Reξ
0) as
MS =

 MS11 MS12 MS13MS12 MS22 MS23
MS13 MS23 MS33

 , (15)
its matrix elements at the one-loop level are calculated as follows:
MS11 = m
2
Z cos
2 β +MP11 sin
2 β − 3 cos
2 β
16π2v2
(
4
3
m2W −
5
6
m2Z
)2
f(m2t˜1 , m
2
t˜2
) +M tS11 ,
MS22 = m
2
Z sin
2 β +MP11 cos
2 β − 3m
4
t
4π2v2 sin2 β
log
(
m2t
Λ2
)
− 3 sin
2 β
16π2v2
(
4
3
m2W −
5
6
m2Z
)2
f(m2t˜1 , m
2
t˜2
) +M tS22 ,
MS33 = 4BTµT +MP22 +M
t
S33 ,
MS12 =
1
2
(λ2v2 −m2Z −MP11) sin 2β +M tS12 ,
MS13 = λ
2vx cos β − 1√
2
λAλv sin β −
√
2λµDv cos β −
√
2λµTv sin β
+
3m2tλ cosβ
32π2v sin2 β
(2
√
2µD −
√
2At − 2λx)f(m2t˜1 , m2t˜2) +M tS13 ,
MS23 = λ
2vx sin β − 1√
2
λAλv cos β −
√
2λµDv sin β −
√
2λµTv cos β
− 3
√
2Atm
2
tλ
32π2v tan β sin β
f(m2t˜1 , m
2
t˜2
) +M tS23 , (16)
whereM tSij (i, j = 1, 2, 3) come from the one-loop contributions. Explicitly, they are given
as
M tSij =
3
32π2v2
WCi W
C
j
g(m2
t˜1
, m2
t˜2
)
(m2
t˜2
−m2
t˜1
)2
+
3
32π2v2
ACi A
C
j log
(
m2
t˜1
m2
t˜2
Λ4
)
7
+
3
32π2v2
(WCi A
C
j + A
C
i W
C
j )
log(m2
t˜2
/m2
t˜1
)
(m2
t˜2
−m2
t˜1
)
(17)
where
AC1 =
m2Z
2
cos β ,
AC2 =
2m2t
sin β
− m
2
Z
2
sin β ,
AC3 = 0 ,
WC1 =
m2t∆
C
1
sin β
+ cos β∆g ,
WC2 =
m2tAt∆
C
2
sin β
− sin β∆g ,
WC3 =
m2tλv∆
C
2√
2 tan β
, (18)
with
∆C1 = At(
√
2λx− 2µD) + (2µ2D + λ2x2 − 2
√
2λxµD) cotβ ,
∆C2 = 2At + (
√
2λx− 2µD) cotβ ,
∆g =
(
4
3
m2W −
5
6
m2Z
)(
m2Q −m2U +
(
4
3
m2W −
5
6
m2Z
)
cos 2β
)
, (19)
and
g(m2x, m
2
y) =
m2y +m
2
x
m2x −m2y
log
m2y
m2x
+ 2 . (20)
The analytic formulae for eigenvalues and eigenvectors of MS may be obtained by using
some mathematical techniques [16].
2. CP-violating scenario
Next, we consider the CP-violating scenario, where we assume that neither φ1 nor φ2 may
be zero in the vacuum expectation values of H02 and ξ
0. The five neutral Higgs bosons
may not have definite CP parities as they are inevitably mixed. In this scenario, we have
the stop quark mixing term Xt in the expression for the masses of the stop quarks as
Xt =
[
m2Q −m2U
2
+
(
2m2W
3
− 5m
2
Z
12
)
cos 2β
]2
+m2t
[
A2t − 2AtµD cos φ1 cot β
+
√
2Atλx cosφ1 cosφ2 cot β −
√
2µDλx cosφ2 cot
2 β
+ µ2D cot
2 β + λ2x2 cot2 β/2−
√
2λxAt sinφ1 sin φ2 cot β
]
. (21)
Note that the CP violating vacuum in this scenario is defined as the stationary point
with respect to the two complex phases φ1 and φ2. In other words, the CP violating
vacuum should satisfy two minimum conditions for φ1 and φ2. These two minimum
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conditions may be used to eliminate two free parameters, which we take BD and BT .
From the minimum equations for φ1 and φ2, respectively, we replace BD and BT by
BD =
√
2λµTx sin(φ1 − φ2)
µD sinφ1
+
λAλx sin(φ1 + φ2)√
2µD sinφ1
− 3m
2
tAt
16π2v2 sin2 β
f(m2t˜1 , m
2
t˜2
) +
3m2tAtλx sin(φ1 + φ2)
16
√
2π2v2 sin2 βµD sinφ1
f(m2t˜1 , m
2
t˜2
) ,
BT = − λv
2 sin 2β sin(φ1 − φ2)
2
√
2x sin(2φ2)
+
λv2µD
4
√
2µTx cosφ2
+
λAλv
2 sin 2β sin(φ1 + φ2)
4
√
2µTx sin(2φ2)
− 3m
2
tµDλ cot
2 β sin(φ2)
32
√
2π2xµT sin(2φ2)
f(m2t˜1 , m
2
t˜2
)
+
3m2tAtλ cotβ sin(φ1 + φ2)
32
√
2π2µTx sin(2φ2)
f(m2t˜1 , m
2
t˜2
) . (22)
The five neutral Higgs bosons, hi (i = 1, 2, 3, 4, 5), are constructed as linear combi-
nations of ReH01 , ReH
0
2 , Reξ
0, sin βImH01 + cos βImH
0
2 and Imξ
0. Their squared masses
at the one-loop level, mhi (i = 1, 2, 3, 4, 5), are given as the eigenvalues of the symmet-
ric 5 × 5 mass matrix M for them. These neutral Higgs bosons are sorted such that
mhi < mhj for i < j. Explicit calculations to obtain the eigenvalues and eigenvectors of
M are numerically carried out by using CERN library program.
Let us write down M for convenience as
M =M0 +M t (23)
where M0 represents the mass matrix for the neutral Higgs bosons at the tree level,
obtained from V0, and M
t is the one-loop contributions, obtained from V1. The explicit
expressions for the matrix elements of M0 and M t are obtained on the basis of (ReH01 ,
ReH02 , Reξ
0, sin βImH01 + cos βImH
0
2 , Imξ
0) as follows: For M0ij , we have
M044 =
√
2
sin 2β
λAλx cos(φ1 + φ2)− 2BDµD cosφ1
sin 2β
+
2
√
2
sin 2β
λµTx cos(φ1 − φ2) ,
M055 =
1
2
√
2x
λAλv
2 sin 2β cos(φ1 + φ2)− 4BTµT cos(2φ2) + 1√
2x
λµDv
2 cos φ2
+
1√
2x
λv2µT sin 2β cos(φ1 − φ2) ,
M011 = m
2
Z cos
2 β + sin2 βM044 ,
M022 = m
2
Z sin
2 β + cos2 βM044 ,
M033 = 4BTµT cos(2φ2) +M
0
55 ,
M012 =
1
2
(λ2v2 −m2Z −M044) sin 2β ,
M013 = λ
2vx cos β − 1√
2
λAλv cos(φ1 + φ2) sin β −
√
2λµDv cosφ2 cos β
−
√
2λµTv cos(φ1 − φ2) sin β ,
M014 = 0 ,
M015 =
1√
2
λAλv sin(φ1 + φ2) sin β +
√
2λµDv cos β sin φ2
9
−
√
2λµTv sin(φ1 − φ2) sin β ,
M023 = λ
2vx sin β − 1√
2
λAλv cos(φ1 + φ2) cos β −
√
2λµDv cosφ2 sin β
−
√
2λµTv cos(φ1 − φ2) cos β ,
M024 = 0 ,
M025 =
1√
2
λAλv sin(φ1 + φ2) cos β +
√
2λµDv sin β sin φ2
−
√
2λµTv sin(φ1 − φ2) cos β ,
M034 =
1√
2
λAλv sin(φ1 + φ2) +
√
2λµTv sin(φ1 − φ2) ,
M035 = − 2BTµT sin(2φ2) ,
M045 =
1√
2
λAλv cos(φ1 + φ2)−
√
2λµTv cos(φ1 − φ2) . (24)
and, for M tij , we have
M tij =
3
32π2v2
W tiW
t
j
g(m2
t˜1
, m2
t˜2
)
(m2
t˜2
−m2
t˜1
)2
+
3
32π2v2
AtiA
t
j log
(
m2
t˜1
m2
t˜2
Λ4
)
+
3
32π2v2
(W tiA
t
j + A
t
iW
t
j )
log(m2
t˜2
/m2
t˜1
)
(m2
t˜2
−m2
t˜1
)
+Dtij , (25)
where
At1 =
m2Z
2
cos β ,
At2 =
2m2t
sin β
− m
2
Z
2
sin β ,
At3 = 0 ,
At4 = 0 ,
At5 = 0 ,
W t1 =
m2t∆
t
1
sin β
+ cos β∆g ,
W t2 =
m2tAt∆
t
2
sin β
− sin β∆g ,
W t3 =
m2tλv∆
t
3√
2 tan β
,
W t4 =
m2tAt
sin2 β
(
2µD sinφ1 −
√
2λx sin(φ1 + φ2)
)
,
W t5 =
√
2λvm2t
tan β
[
µD cot β sin φ2 −At sin(φ1 + φ2)
]
, (26)
with
∆t1 = −
√
2λxAt sinφ1 sinφ2 + At cosφ1(
√
2λx cosφ2 − 2µD)
+ (2µ2D + λ
2x2 − 2
√
2λxµD cos φ2) cotβ ,
∆t2 = 2At + (
√
2λx cosφ2 − 2µD) cotβ cosφ1 −
√
2λx cotβ sinφ1 sinφ2 ,
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∆t3 = 2At cosφ1 cosφ2 + (
√
2λx− 2µD cosφ2) cot β − 2At sin φ1 sin φ2 , (27)
and
Dt44 = −
3m2tAt(2µD cosφ1 −
√
2λx cos(φ1 + φ2))
32π2v2 sin3 β cos β
f(m2t˜1 , m
2
t˜2
) ,
Dt55 = −
√
2m2tλ(µD cot β cosφ2 − At cos(φ1 + φ2))
32π2x tanβ
f(m2t˜1 , m
2
t˜2
) ,
Dt11 = sin
2 βDt44 −
3 cos2 β
16π2v2
(
4m2W
3
− 5m
2
Z
6
)2
f(m2t˜1 , m
2
t˜2
) ,
Dt22 = cos
2 βDt44 −
3 sin2 β
16π2v2
(
4m2W
3
− 5m
2
Z
6
)2
f(m2t˜1 , m
2
t˜2
)
− 3m
4
t
4π2v2 sin2 β
log
(
m2t
Λ2
)
,
Dt33 = D
t
55 ,
Dt12 = − cos β sin βDt44 +
3 sin 2β
32π2v2
(
4m2W
3
− 5m
2
Z
6
)2
f(m2t˜1 , m
2
t˜2
) ,
Dt13 =
3m2tλ cos β
32π2v sin2 β
(
2
√
2µD cosφ2 −
√
2At tan β cos(φ1 + φ2)
− 2λx
)
f(m2t˜1 , m
2
t˜2
) ,
Dt14 = 0 ,
Dt15 = −
3
√
2m2tλ
32π2v sin β
(
2µD cotβ sin φ2 − At sin(φ1 + φ2)
)
f(m2t˜1 , m
2
t˜2
) ,
Dt23 = −
3
√
2m2tλAt cos(φ1 + φ2)
32π2v tan β sin β
f(m2t˜1 , m
2
t˜2
) ,
Dt24 = 0 ,
Dt25 =
3
√
2m2tλAt sin(φ1 + φ2)
32π2v tan β sin β
f(m2t˜1 , m
2
t˜2
) ,
Dt34 =
3
√
2m2tλAt sin(φ1 + φ2)
32π2v sin2 β
f(m2t˜1 , m
2
t˜2
) ,
Dt35 = 0 ,
Dt45 =
3
√
2m2tλAt cos(φ1 + φ2)
32π2v sin2 β
f(m2t˜1 , m
2
t˜2
) . (28)
Here, it is worthwhile noting some points. Note that M014 = M
0
24 = 0. which implies
that there is no mixing between ReH01 and sin βImH
0
1 + cos βImH
0
2 , nor between ReH
0
2
and sin βImH01 + cos βImH
0
2 , at the tree level. That is, there is no scalar-pseudoscalar
mixings in the two Higgs doublets at the tree level. They are mixed at the one-loop level
due to the radiative corrections M t14 6= 0 and M t24 6= 0.
The spontaneous CP violation at the tree level is induced byM15,M25,M34, andM35,
among the two Higgs doublets and the Higgs triplet. In particular, a self mixing in the
Higgs triplet is represented by M35. If φ1 = φ2 = 0, all of these mixing terms would
naturally disappear, and consequently the 5×5 mass matrix for the neutral Higgs bosons
would be decomposed into a 3× 3 and a 2× 2 submatrices.
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3. Numerical analysis
Now, we are interested in whether the TESSM at the one-loop level may have a reasonable
parameter space to allow spontaneous CP violation. In order to find out the possibility,
we first set up the reasonable ranges for relevant parameters. We take the top quark mass
as 175 GeV and the renormalization scale as 300 GeV. We assume that the lighter stop
quark is heavier than the top quark.
The ratio of tanβ = v2/v1 is allowed to vary from 1 to 30, since the radiative corrections
from the bottom and sbottom quark loops may be neglected in this range. For the vacuum
expectation value of the Higgs triplet, we set the range as 0.5 < x (GeV) < 2.5, where
the upper bound is determined by the experimental constraint on the ρ parameter, and
the lower bound is chosen in order to avoid unnecessary singularities in the mass matrix
for the neutral Higgs bosons, M , where some terms are proportional to 1/x. The two
complex phases, φ1 and φ2, are allowed to vary within the range between 0 and π.
The soft SUSY breaking parameters appearing in the radiative corrections at the one-
loop level are allowed within the range of 100 < mQ, mU , At < 1000 GeV. In this model,
there are two µ parameter. The dimensionful parameter µD which comes from the mixing
between the two Higgs doublets and µT which comes from the self mixing of the Higgs
triplet are allowed to vary respectively in the ranges of 150 < µD (GeV) < 500 and
0 < µT (GeV) < 500. Note that the lower bound on µD is determined by the present
experimental constraints on the chargino systems [18].
The allowed ranges for other parameters should be determined with care. The quartic
coupling coefficient λ is important because the lightest neutral Higgs boson mass depends
critically on it. In Ref. [4], the upper bound on λ is calculated as a function of ht, the
Yukawa coupling of the top quark, by employing renormalization group equation. Thus,
the upper bound on λ may be expressed, through mt = htv sin β, in terms of tanβ and
the top quark mass, We see that the upper bound on λ increases monotonically up to
about 0.9 as tan β increase from 1 to 30. Thus, we set 0 < λ < 0.9.
The trilinear mass parameter Aλ also deserves careful attentions. It appears in a
number of supersymmetric models such as the next-to minimal supersymmetric stan-
dard model [19], the minimal nonminimal supersymmetric standard model [20], the U(1)-
extended supersymmetric standard model [21], and the secluded U(1)′-extended MSSM
[22]. In these models, the trilinear term with Aλ plays an important role to increase
the strength of the first-order electroweak phase transition for baryogenesis in order to
describe the asymmetry of the matter and antimatter.
Meanwhile, for the explicit CP violation scenario in various nonminimal supersymmet-
ric models [13,14,23], the trilinear mass parameter Aλ is found to generate the non-trivial
CP phase. Thus, Aλ is very important in nonminimal supersymmetric models in order
to achieve the explicit CP violation. Referring to the results of those studies, we set the
allowed range as 100 < Aλ (GeV) < 1000.
We are now left with two parameters BD and BT . In the CP-conserving scenario,
they are free parameters. We set −500 < BD (GeV) < 0 and −500 < BT (GeV) <
500, because the electroweak symmetry breaking is favored in these ranges, in the CP
conserving scenario. On the other hand, in the spontaneous CP-violating scenario, these
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parameters may be eliminated by means of vacuum stability conditions, as mentioned
before. In this case, we need not establish ranges for them a priori, since their values are
determined in terms of other parameters. Nevertheless, in the spontaneous CP-violating
scenario, we would like to select the values of other parameters such that BD and BT
should be in the above ranges. In other words, when we examine the parameter space, it
is an internal constraint among the relevant parameters that they should yield −500 <
BD (GeV) < 0 and −500 < BT (GeV) < 500, in the CP-violating scenario.
We first study the CP-conserving scenario. In this scenario, we calculate the mass
of the lightest scalar Higgs boson, mS1 , for given tanβ, both at the tree level and at
the one-loop level, where the values of other parameters are randomly selected in the
parameter space defined as 0 < λ < 0.9, 100 < Aλ (GeV) < 1000, 0.5 < x (GeV) < 2.5,
150 < µD (GeV) < 500, and 0 < µT (GeV) < 500, −500 < BD (GeV) < 0, −500 <
BT (GeV) < 500, and mQ, mU , At between 100 GeV and 1000 GeV. The calculation is
repeated for randomly varying parameter values within the parameter space. Then, for
given tanβ, the largest value of mS1 is entitled as the upper bound on mS1 .
The results of our numerical calculations in the CP-conserving scenario are shown in
Fig. 1, where the solid curve is the upper bound on mS1 at the tree level and the dashed
curve is the corresponding one at the one-loop level, as a function of tan β. We find that
our results are qualitatively consistent with other studies. One can easily notice in Fig.
1 that the upper bound on mS1 at the one-loop level is as large as 140 GeV. Even at the
tree level, we find that the upper bound on mS1 may reach about 100 GeV, This tree-level
behavior is quite different from the MSSM, mainly because the quartic coupling possesses
the gauge couplings as well as λ in this model, and, furthermore, there is a additional
quartic coupling, such as the top Yukawa coupling, when the radiative corrections are
included at the one-loop level.
Next, we study the CP-violating scenario. The parameter space is defined as 0 <
φ1, φ2 < π, 0 < λ < 0.9, 100 < Aλ (GeV) < 1000, 0.5 < x (GeV) < 2.5, 150 <
µD (GeV) < 500, and 0 < µT (GeV) < 500, and mQ, mU , At between 100 GeV and 1000
GeV. Note that BD and BT are dependent parameters. In this parameter space, we select
randomly 105 points. Each point represents a particular set of parameter values of (φ1,
φ2, λ, Aλ, x, µD, µT , mQ, mU , At).
For each point, we first calculate the values of mhi (i = 1, 2, 3, 4, 5) at the tree level.
We find that mh1 , the mass of the lightest neutral Higgs boson, in the TESSM in the
CP-violating scenario at the tree level are calculated to be between about 25 and 35 GeV.
The masses of other neutral Higgs bosons are calculated to be 35 < mh2 (GeV) < 57,
78 < mh3 (GeV) < 87, 850 < mh4 (GeV) < 1560, and 1550 < mh5 (GeV) < 2400.
We also calculate g2ZZhi (i = 1, 2, 3) at the tree level. These values are to be compared
with experimental results, (gmaxZZH)
2. Here, gmaxZZH is the model-independent upper bound
on the coupling coefficient between Higgs boson and a pair of Z bosons, and it is given as
a function of the mass of the Higgs boson that couples to the pair of Z bosons. Recently,
it has been measured by the LEP collaborations at the 95% confidence level [15]. Note
that we do not calculate g2ZZh4 and g
2
ZZh5
. Since the masses of h4 and h5 are calculated
to be much larger than 120 GeV, they are not constrained by the LEP results.
The solid curve in Fig. 2(a) shows (gmaxZZH)
2, obtained from the LEP data, as a function
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of the Higgs mass. If the value of g2ZZhi is calculated to be larger than (g
max
ZZH)
2, we
should reject it, since it is beyond the experimental upper bound. In Fig. 2(a), one
can see not only the solid curve but also three crowds of points, which are the results
of our calculation. These points are (mh1 , g
2
ZZh1
) in the upper left corner of the figure
(represented by stars), (mh2 , g
2
ZZh2
) in the upper center (circles), and (mh3, g
2
ZZh3
) in the
upper right corner (crosses). One may notice that the number of points in Fig.2(a) is
far smaller than 105. This is because some of the 105 sets of parameter values randomly
selected in the parameter space yield unphysical results, such as negative masses. These
unphysical results are rejected, and the points in Fig.2(a) are the accepted ones.
Now, it is easy to notice in Fig. 2(a) that most of these points are above the solid
curve, implying that g2ZZhi is calculated to be larger than the experimental upper bound,
(gmaxZZH)
2. In particular, all of (mh3 , g
2
ZZh3
) are located above the solid curve.
The implication of our calculation is quite clear. There is no parameter set, out of
105 sets, that yields g2ZZh3 smaller than (g
max
ZZH)
2. This implies either that h3 with a mass
of about 80 GeV should have been discovered via ZZh3 coupling at LEP experiments or
that no such h3 with such (mh3, g
2
ZZh3
) is allowed, and the latter is reasonably acceptable.
Therefore, all of the 105 parameter sets do not satisfy the experimental constraints set by
LEP and thus should be rejected. Thus, it is completely fair to conclude that the whole
parameter space under consideration of the TESSM at the tree level is excluded by LEP
with respect to the spontaneous CP violation, This tree-level behavior of the TESSM is
comparable to the NMSSM which also has no spontaneous CP violation in the tree-level
Higgs sector [12].
However, we find that the situation is substantially improved at the one-loop level. We
repeat the numerical calculations to obtain the values of mhi and g
2
ZZhi
(i = 1, 2, 3, 4, 5)
at the one-loop level, for randomly chosen 105 points in the parameter space, which
is identical to the tree-level one. The mass of the lightest neutral Higgs boson in the
TESSM at the one-loop level in the spontaneous CP-violating scenario is calculated to be
between about 12 and 101 GeV. The masses of the heavier neutral Higgs bosons at the
one-loop level are calculated to be 114 < mh2 (GeV) < 135, 224 < mh3 (GeV) < 1000,
230 < mh4 (GeV) < 2030, and 380 < mh5 (GeV) < 2030.
We then calculate g2ZZh1, at the one-loop level. It is not necessary to calculate other
g2ZZhi (i = 2, 3, 4, 5), since only h1 is lighter than 120 GeV. Our results for the one-loop
level are shown in Fig. 2(b). Here, a swarm of points are distributed over a large area
of the (mh1 , g
2
ZZh1
)-plane, and well below the solid curve, which is (gmaxZZH)
2 of the LEP
experiments. These points are all acceptable, as they satisfy the experimental constraints.
Therefore, we conclude that the parameter space of the TESSM at the one-loop level under
consideration is allowed by the LEP constraints allow for the spontaneous CP violation
to take place.
4. Conclusions
We study the TESSM, where a chiral Higgs triplet with zero hypercharge is additionally
introduced to the MSSM, in order to examine the possibility of spontaneous CP violation
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in its Higgs sector. This model possesses three charged Higgs bosons and five neutral Higgs
bosons. If the CP symmetry is conserved, the five neutral Higgs bosons have definite CP
parities, divided into three scalar and two pseudoscalar neutral Higgs bosons. In this case,
the upper bound on the mass of the lightest scalar Higgs boson is about 103 GeV and
143 GeV at the tree level and at the one-loop level, respectively.
For the spontaneous CP violation to occur, we allow complex phases in the vacuum
expectation values of the Higgs doublets as well as the Higgs triplet. Among them, two
independent complex phases are introduced. These complex phases induce the scalar-
pseudoscalar mixings. At the tree level, the scalar-pseudoscalar mixings take place be-
tween the Higgs doublets and the Higgs triplet, but not between the two Higgs doublets.
However, at the one-loop level, the scalar-pseudoscalar mixings take place among them
all.
We establish a reasonable parameter space in the TESSM, and, for 105 sets of relevant
parameter values within the parameter space, we calculate the masses of the five neutral
Higgs bosons and their coupling coefficients gZZhi to a pair of Z bosons, in the CP-
violating scenario, at the tree level as well as at the one-loop level. We find that gZZhi
(i = 1, 2) are calculated to exceed the model-independent experimental upper bound set
by LEP for nearly most of the parameter value sets, and all of gZZh3 are calculated to
be larger than the experimental upper bound at the tree level. Therefore, the parameter
space of the TESSM for the spontaneous CP violation at the tree level is excluded by the
experimental constraint. Practically, the spontaneous CP violation is impossible for the
tree-level potential of the TESSM.
At the one-loop level, we find that gZZh1 are calculated to stay within the experimental
constraint LEP, for the parameter space in consideration. This implies that the sponta-
neous CP violation is possible in the TESSM at the one-loop level. Meanwhile, the mass
of the lightest neutral Higgs boson may be as small as 12 GeV in this case. However, this
does not contradict the negative result of Higgs search at LEP, since the Higgs couplings
to a Z boson pair might also very small.
In conclusion, we confirm the possibility of spontaneous CP violation in the TESSM
at the one-loop level.
Acknowledgments
S. W. Ham thanks his late teacher, Bjong Ro Kim, for learning supersymmetry. He
thanks Prof. D Son for the hospitality at KNU where a part of this work has been
performed. He also thanks Prof. P Ko for the hospitality at KIAS where a part of this work
has been performed. He is supported by the Korea Research Foundation Grant funded
by the Korean Government (MOEHRD, Basic Research Promotion Fund) (KRF-2007-
341-C00010). He was supported by grant No. KSC-2008-S01-0011 from Korea Institute
of Science and Technology Information. This work is supported by Konkuk University in
2007.
15
[1] P. Fayet and S. Ferrara, Supersymmetry, Phys. Rep. 32 (1977) 249; L. Girardello
and M. T. Grisaru, Soft breaking of supersymmetry, Nucl. Phys. B 194 (1982) 65; P.
Fayet, Supersymmetric theories of particles and interactions, Phys. Rep. 105 (1984)
21; H. P. Nilles, Supersymmetry, supergravity and particle physics, Phys. Rep. 110
(1984) 1; J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunters’
Guide (Addison-Wesley, CA, 1990).
[2] J. E. Kim and H. P. Nilles, The µ-problem and the strong CP-problem, Phys. Lett.
B 138 (1984) 150.
[3] P. Fayet, Supergauge invariant extension of the Higgs mechanism and a model for the
electron and its neutrino, Nucl. Phys. 90 (1975) 104; P. Fayet, Spontaneously broken
supersymmetric theories of weak, electromagnetic and strong interactions, Phys. Lett.
B 69 (1977) 489; P. Fayet, Mass spectrum of the W± and Z supermultiplets, Phys.
Lett. B 125 (1983) 178; E. Cremmer, P. Fayet, and L. Girardello, Gravity-induced
supersymmetry breaking and low energy mass spectrum, Phys. Lett. B 122 (1983) 41;
J. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski, and F. Zwirner, Higgs bosons in
a nonminimal supersymmetric model, Phys. Rev. D 39 (1989) 844.
[4] J. R. Espinosa and M. Quiros, Higgs triplets in the supersymmetric standard model,
Nucl. Phys. B 384 (1992) 113; J. R. Espinosa and M. Quiros, On Higgs boson masses
in non-minimal supersymmetric standard models, Phys. Lett. B 279 (1992) 92.
[5] N. Setzer and S. Spinner, Running with triplets: How slepton masses change with
doubly-charged Higgs bosons, Phys. Rev. D 75 (2007) 117701.
[6] O. Felix-Beltran, Higgs masses and coupling within an extension of the MSSM with
Higgs triplets, Int. J. Mod. Phys. A 17 (2002) 465.
[7] E. Barradas-Guevara, O. Felix-Beltran, J. Hernandez-Sanchez, and A. Rosado, Spe-
cial supersymmetric features of large invariant mass unpolarized and polarized top-
antitop production at the CERN LHC, Phys. Rev. D 71 (2005) 073004 .
[8] J. L. Diaz-Cruz, J. Hernandez-Sanchez, S. Moretti, and A. Rosado, Charged Higgs
boson phenomenology in supersymmetric models with Higgs triplets, Phys. Rev. D 77
(2008) 035007.
[9] S. D. Chiara and K. Hsieh, Triplet extended supersymmetric standard model, Phy.
Rev. D 78 (2008) 055016.
[10] S. Barr, G. Segre, and H. A. Weldon, Magnitude of the cosmological baryon asym-
metry, Phys. Rev. D 20 (1979) 2494.
[11] A. Pomarol, Higgs sector CP violation in the minimal supersymmetric model, Phys.
Lett. B 287 (1992) 331; N. Maekawa, Spontaneous CP violation in the minimal
16
supersymmetric standard model, Phys. Lett. B 282 (1992) 387; A. Pilaftsis, Higgs
scalar-pseudoscalar mixing in the minimal supersymmetric Standard Model , Phys.
Lett. B 435 (1998) 88; A. Pilaftsis, CP-odd tadpole renormalization of Higgs scalar-
pseudoscalar mixing, Phys. Rev. D 58 (1998) 096010; M. Brhlik and G. L. Kane,
Measuring the supersymmetry lagrangian, Phys. Lett. B 437 (1998) 331; D. A. Demir,
Effects of the supersymmetric phases on the neutral Higgs sector, Phys. Rev. D 60
(1999) 055006; J. S. Lee, A. Pilaftsis, M. Carena, S. Y. Choi, M. Drees, J. Ellis, and,
C. E. M. Wagner, CPsuperH: a computational tool for Higgs phenomenology in the
minimal supersymmetric standard model with explicit CP violation, Comput. Phys.
Commun. 156 (2004) 283.
[12] J. C. Romao, Spontaneous CP violation in SUSY models: A No-Go theorem, Phys.
Lett. B 173 309 (1986) 309; K. S. Babu and S. M. Barr, Spontaneous CP violation
in the supersymmetric Higgs sector, Phys. Rev D 49 (1994) R2156; N. Haba, M.
Matsuda, and M. Tanimoto, Spontaneous CP violation and Higgs boson masses in
the next-to-minimal supersymmetric model, Phys. Rev D 54 (1996) 6928; S. W.
Ham, S .K. Oh, and S. H. Song, Spontaneous violation of the CP symmetry in the
Higgs sector of the next-to-minimal supersymmetric model, Phys. Rev. D 61 (2000)
055010; O. Lebedev, Constraining SUSY models with spontaneous CP-violation via
B → ψKs, Int. J. Mod. Phys. A 15 (2000) 2987; C. Hugonie, J. C. Romao, and A.
M. Teixeira, Spontaneous CP violation in nonminimal supersymmetric models, JHEP
06 (2003) 020.
[13] M. Matsuda and M. Tanimoto, Explicit CP-violation of the Higgs sector in the next-
to-minimal supersymmetric standard model, Phys. Rev D 52 (1995) 3100; N. Haba,
Explicit CP-violation in the Higgs sector of the next-to-minimal supersymmetric stan-
dard model, Prog. Theor. Phys. 97 (1997) 301.
[14] S. W. Ham, J. Kim, S. K. Oh, and D. Son, Charged Higgs boson in the next-to-
minimal supersymmetric standard model with explicit CP violation, Phys. Rev. D 64
(2001) 035007.
[15] The LEP Collaborations ALEPH, DELPHI, L3 and OPAL, Search for neutral MSSM
Higgs bosons at LEP, Eur. Phys. J. C 47 (2006) 547.
[16] S. Coleman and E. Weinberg, Radiative corrections as the origin of spontaneous
symmetry breaking, Phys. Rev. D 7 (1973) 1888.
[17] S. W. Ham, S. K. Oh, E. J. Yoo, and H. K. Lee, The mass of the charged Higgs boson
in the minimal supersymmetric standard model with explicit CP violation at 1-loop
level, J. Phys. G 27 (2001) 1.
[18] The OPAL Collaboration, Search for Chargino and Neutralino Production at
√
s =
192− 209 GeV at LEP, Eur. Phys. J. C 35 (2004) 1.
[19] M. Pietroni, The electroweak phase transition in a nonminimal supersymmetric
model, Nucl. Phys. B 402 (1993) 27.
17
[20] A. Menon, D. E. Morrissey, and C. E. M. Wagner, Electroweak baryogenesis and dark
matter in a minimal extension of the MSSM, Phys. Rev. D 70 (2004) 035005; S. W.
Ham, S. K. Oh, C. M. Kim, E. J. Yoo, and D. Son, Electroweak phase transition in
a nonminimal supersymmetric model, Phys. Rev. D 70 (2004) 075001.
[21] S. W. Ham, E. J. Yoo, and S. K. Oh, Electroweak phase transitions in the MSSM
with an extra U(1)′, Phys. Rev. D 76 (2007) 075011; S. W. Ham, E. J. Yoo, S. K.
Oh, Electroweak phase transition in the MSSM with U(1)′ in an explicit CP violation
scenario, Phys. Rev.D 76 (2007) 095018.
[22] J. Kang, P. Langacker, T. Li, and T. Liu, Electroweak Baryogenesis in a Supersym-
metric U(1)′ Model, Phys. Rev. Lett. 94 (2005) 061801.
[23] S. W. Ham, S. K. Oh, and D. Son, Neutral Higgs sector of the next-to-minimal
supersymmetric standard model with explicit CP violation, Phys. Rev. D 65 (2002)
075004; K. Funakubo and S. Tao, The Higgs Sector in the Next-to-MSSM, Prog.
Theor. Phys. 113 (2005) 821; S. W. Ham, S. H. Kim, S. K. Oh, and D. Son, Higgs
bosons of the NMSSM with explicit CP violation at the ILC, Phys. Rev. D 76 (2007)
115013. S. W. Ham, J. O. Im, and S. K. Oh, Neutral Higgs bosons in the MNMSSM
with explicit CP violation, Eur. Phys. J. C 58 (2008) 579; D. A. Demir and L.
L. Everett, CP violation in supersymmetric U(1)′ models, Phys. Rev. D 69 (2004)
015008; S. W. Ham, E. J. Yoo, and S. K. Oh, Explicit CP violation in a MSSM with
an extra U(1)′, Phys. Rev. D 76 (2007) 015004; C. W. Chiang and E. Senaha, CP
violation in the secluded U(1)′-extended MSSM, JHEP 06 (2008) 019; S. W. Ham, J.
O. Im, E. J. Yoo, and S. K. Oh, Higgs bosons of a supersymmetric E6 model at the
Large Hadron Collider, JHEP 12 (2008) 017.
18
020
40
60
80
100
120
140
5 10 15 20 25 30
mh1,max
tan(β)
FIG. 1: The upper bound on mS1 at the tree level (solid curve) and at the one-loop
level (dashed curve) as a function of tanβ, in CP-conserving scenario, where the values
of other parameters are randomly selected in the parameter space defined as 0 < λ < 0.9,
100 < Aλ (GeV) < 1000, 0.5 < x (GeV) < 2.5, 150 < µD (GeV) < 500, and 0 <
µT (GeV) < 500, −500 < BD (GeV) < 0, −500 < BT (GeV) < 500, and mQ, mU , At
between 100 GeV and 1000 GeV. Repeating the calculations for 105 random points in the
parameter space, for given tanβ, the largest value of mS1 is defined as the upper bound
on mS1 .
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FIG. 2(a): Three crowds of points are (mh1 , g
2
ZZh1
) in the upper left corner of the figure
(represented by stars), (mh2 , g
2
ZZh2
) in the upper center (circles), and (mh3, g
2
ZZh3
) in the
upper right corner (crosses). The parameter space is the same as in Fig.1. The solid
curve is the model-independent upper bound on g2ZZH, the square of the coupling of a
given Higgs boson to a pair of Z bosons, obtained from the LEP experiments, plotted as
a function of the mass of the given Higgs boson. Please notice that all points of (mh3,
g2ZZh3) are above the solid curve.
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FIG. 2(b): A swarm of points are distributed in the (mh1, g
2
ZZh1
)-plane. The parameter
space is the same as in Fig.1, and the solid curve is the same as in Fig.2(a). Please notice
that all points of (mh1 , g
2
ZZh1
) are below the solid curve.
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